The correlations seen here suggest that CYP1A or aryl hydrocarbon receptor (AhR) in Edema and cardiovascular dysfunction occur in vertebrates ex-the endothelium may be linked to early lesions that result in posed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) during early TCDD-induced vascular derangements leading to yolk sac, peridevelopment. This study examined cytochrome P4501A (CYP1A) cardial, and meningial edema that is associated with lake trout induction in endothelium and its possible association with mortal-sac fry mortality, but the precise mechanism remains to be deterity due to the edema and vascular effects of TCDD in lake trout mined. ᭧ 1997 Academic Press early life stages. Lake trout (Salvelinus namaycush) eggs were injected at 24-50 hr postfertilization with 0.2 ml of 50 mM phosphatidylcholine liposomes or liposomes containing TCDD to give seven doses ranging from 11 to 176 pg TCDD/g egg. Doses of TCDD Cardiovascular dysfunction including pervasive edemas is greater than 44 pg/g egg elicited hemorrhages; yolk sac, pericar-a hallmark of the developmental toxicity of 2,3,7,8-tetrachlodial, and meningial edema; craniofacial malformations; regional rodibenzo-p-dioxin (TCDD) in certain mammalian, avian, ischemia; growth retardation; and mortality at the sac fry stage and fish species (Peterson et al., 1993 ; Walker and Peterson, of development. Expression of CYP1A was assessed at four devel-1994). In various species of fish (e.g., lake trout, rainbow opmental stages, by immunohistochemical analysis of serial sec-trout, brook trout, northern pike, and medaka) this syndrome tions of individual fish with monoclonal antibody 1-12-3 to teleost consists of pericardial edema, subcutaneous edema of the CYP1A. CYP1A staining occurred in endothelial cells of many yolk sac, hemorrhages, and congestion of blood flow in variorgans of TCDD-exposed but not vehicle-exposed embryos at 1 ous vascular beds, culminating in death week prehatch and sac fry at 2 weeks posthatch. Earlier develop- Helder, 1980; Wisk and Cooper, 1990) . The counterpart of mental stages examined were negative for CYP1A expression at any dose of TCDD. The strongest response occurred in sac fry at this response in halogenated aromatic hydrocarbon (HAH)-TCDD doses greater than 88 pg TCDD/g egg but was detected at exposed chickens is the chick edema disease syndrome chardoses as low as 22 pg TCDD/g egg. CYP1A staining in endothe-acterized by ascites, subcutaneous edema and pericardial lium appeared at lower doses and was stronger than that in other edema (McConnell, 1980) . In mammals, maternal exposure cell types, in both prehatch embryos and posthatch sac fry. Thus, to TCDD is followed by gastrointestinal hemorrhaging and the vascular system is a major initial site affected by TCDD in edema in rat fetuses and congestion of renal blood flow, lake trout early life stages, and the vascular endothelium is a cell hydronephrosis, and edema in hamster fetuses (Olson et al., 
activated by CYP1A1 (Vanden Berg et al., 1994) and its Kuehl et al., 1991) . The background TCDD equivalence concentration toxicity is thought not to involve metabolism. The AhR has (TEC) in eggs from each source due to PCBs, PCDFs, and PCDDs was estimated as described previously (Guiney et al., 1996) . For the Lake Supebeen suggested to mediate toxicity of TCDD and related rior-Sand Cut Reef eggs, the TEC was 0.2 pg TCDD equivalents (TE)/g HAHs, independent of CYP1A (Poland and Knutson, 1982) . -et al. (1992) was used to inject eggs. Eggs were injected between 24 and ability leading to edema is not known. Establishing patterns 50 hr postfertilization, prior to the formation of the yolk sac epithelial membrane which forms approximately 10 days postfertilization in lake trout of CYP1A induction in vascular endothelium of vertebrate (Balon, 1980) . Since TCDD manifests its developmental toxicity in lake embryos could indicate possible involvement of AhR and/ trout Walker et al., 1992) or CYP1A in these effects. , 1989) and subsequently in vascular endothelium dioxane to dryness under nitrogen, reconstituting the TCDD in 0.5 ml of throughout the body (Smolowitz et al., 1991 (Smolowitz et al., , 1992 of fish chloroform, and adding this quantitatively to 25 mmol PC. The chloroform treated with PAHs or HAHs. CYP1A has been detected in was then evaporated to dryness, and the residual film was hydrated with 0.9% NaCl, vortexed, and sonicated. Liposomes were prepared under sterile vascular endothelium of rabbits and mice treated with TCDD conditions, stored under argon and used within 48-72 hr.
and/or 3-methylcholanthrene (Dees et al., 1982; Overby et Maintenance and sampling. Following injection, eggs from each treatal., 1992; Anderson et al., 1987) . In these studies the inducment group were transferred to individual 400-ml glass beakers individually tion of CYP1A in endothelium was investigated in early supplied with flow-through, dechlorinated, filtered tap water. Beakers were developmental stages of lake trout exposed to TCDD and placed in a 38-L glass aquarium which served as a water bath, and water that exhibit TCDD-induced edema and early life stage mor-temperature was maintained at 9.0 { 0.5ЊC throughout the study.
The time course of early development for lake trout is illustrated in Table   tality . The results indicate that in lake trout there is a similar-1. Three individuals were sampled for immunohistochemistry from each ity between the TCDD dose response for CYP1A induction vehicle or TCDD dose group, at each of four developmental stages: (a) in the endothelium, and that for mortality and the develop- resembling blue-sac disease between E 4 7 and E 5 8 stages (405 TU), approximately 1 week prior to hatch, and (d) during the F 1 9 developmental stage at 2 weeks posthatch (513 TU). . The results are consistent with an Animals at this posthatch stage still have a yolk sac and thus are referred involvement of CYP1A and/or the AhR in the TCDD-into as ''sac fry.'' As described by Balon (1980) , the E 3 6 stage is characterized duced edematous syndrome that culminates in fish early life by the beginning of trunk movements, the formation of the heart tube, and stage mortality.
the appearance of the first blood elements. The E 4 7 stage marks the rapid expansion of the subintestinal-vitelline plexus, addition of the hepaticvitelline circulation, decreased trunk movements, and the appearance of
MATERIALS AND METHODS
highly dense melanin in the optic vessels (hence, this is referred to as the eye-up stage . [1, H]TCDD circulation throughout the entire yolk respiratory plexus is completed. The was obtained from Chemsyn Science (Lenexa, KA) and purified to a final onset and termination of hatching is a ''fairly artificial character as a boundradiochemical purity of ú99% (sp act 16.8 mCi/mmol) by reverse-phase ary between stages' ' (Balon, 1975) . In general, hatching commences during high-performance liquid chromatography (HPLC) as described by Olson the later part of stage E 4 8 and is completed during stage F 1 9. At approxi-(1986). Purified TCDD was stored in HPLC grade acetone (Aldrich, Milmately 513 TU the F 1 9 sac fry gradually differentiate their embryonic finfold waukee, WI) at 020ЊC.
and begin to develop their first cartilaginous skeletal structures. The hepatovitelline plexus and collecting veins on the yolk have attained maximum Lake trout eggs. Eggs were obtained from a naturally reproducing population of lake trout collected by gill nets off the Sand Cut Reef in Lake development. The time from hatching until nearly complete absorption of the yolk sac is called the F 2 10 stage. In the present study, at 9.0 / 0.5ЊC, Superior by the Wisconsin Department of Natural Resources in October 1990. Approximately 6000 eggs were manually spawned from 4 females it took approximately 20 days posthatch to reach the ''swim-up'' stage (A 1 11) at which time mixed endogenous and exogenous feeding occurs. and fertilized with milt from 4 males. Eggs were similarly obtained during the fall of 1990 from 12 female lake trout from eastern Lake Ontario Sac fry were monitored daily for mortality and for the incidence of ''blue-sac syndrome,'' characterized by subcutaneous edema of the yolk sac, induced cultures of a fish hepatoma cell line (PLHC) the CYP1A content determined by Western blot was correlated with the optical density of regional ischemia, hemorrhages, craniofacial malformations, and growth retardation. Cumulative mortality in each dose group was recorded from immunohistochemical stain obtained with the same antibody (MAb 1-12-3), with an r 2 of 0.983 (Hahn et al., 1993 ). An unbiased scoring of the the onset of hatching to the time of swim-up. stain intensity in those same cultures by eye (by the same analyst who did Fixation and immunohistochemical staining. Whole embryos within the studies in lake trout) correlated very well with the other measures of the chorion or whole sac fry were placed immediately in 10% phosphate-CYP1A content. The 15-point scale described here also has been used to buffered formalin. Tissues were processed and embedded in paraffin using compare the immunohistochemical stain for CYP1A in liver sections and standard methods, and 5-mm sections were placed on poly-L-lysine-coated the amount of CYP1A detected by Western blot in microsomes prepared slides. Immunodetection of CYP1A in tissue sections was accomplished from the same livers (r 2 of 0.982). Similarly, Suzuki et al. (1994) reported using an indirect peroxidase labeling method, essentially as described by relationships between immunohistochemical and biochemical measures of Smolowitz et al. (1991) , using monoclonal antibody (MAb) 1-12-3 made P450 aromatase content in cells, with an r 2 of 0.959 and interpreted immunoagainst scup P450E (Park et al., 1986) as the primary antibody. Molecular reactivity in tissues as a measure of the expression of aromatase, similar to cloning and sequencing of a cDNA for scup P450E identified it as a teleost our approach with CYP1A. CYP1A (Morrison et al., 1995) . MAb 1-12-3 specifically recognizes A cumulative composite CYP1A staining index was obtained for the fish CYP1A forms in vertebrates from fish to mammals . In analyzed within each treatment group. First, the staining scores calculated mammals MAb 1-12-3 strongly recognizes CYP1A1 but not 1A2 (Stegeman for a given cell type in a given organ were summed for all the individuals et al., 1995) . This specificity indicates that proteins recognized by MAb 1-in a treatment group. These values for organs or cell types were added 12-3 are CYP1A proteins. AhR agonist-induced proteins recognized by together, yielding a single number for each treatment group. This number MAb 1-12-3 but which have not been sequenced, including that in lake was then divided by the number of individuals in which the structures trout, are referred to as CYP1A proteins. MAb 1-12-3 has been shown to of concern appeared in the plane of sectioning during microtomy. This be useful in immunohistochemical detection of CYP1A in trout (Stegeman normalization eliminated missing data from the analysis. The value for the et al ., 1989) .
treatment group with the highest composite CYP1A staining index was For staining, 5-mm sections of individual fish from control and TCDDassigned a value of 100%. Values for the other treatment groups were exposed groups at each developmental stage were placed together on the expressed as a percentage of that maximum staining index. These data were same slide to facilitate the comparison of staining. Three to five individuals used to construct dose response curves for CYP1A induction. were analyzed in each group. Additional sections and individuals were analyzed as necessary. Sections on slides were deparaffinated and hydrated Statistical procedures. Mortality data were analyzed by x 2 to determine in 1% bovine serum albumin/phosphate-buffered saline. Sections were TCDD dose-related effects (Wonnacott and Wonnacott, 1985) . A probit incubated in 0.5% H2O2 in methanol for 45 min to block endogenous procedure was used to generate a dose -response curve for cumulative sac peroxidase. Hydrated sections were washed and then incubated in a fry mortality, recorded from hatching onset to swim-up, versus egg TCDD 1:24,000 dilution of the primary antibody MAb 1-12-3 in 1% BSA/PBS dose. This procedure corrected for control mortality analogous to using overnight. The dilution of primary antibody was empirically determined Abbott's formula (Abbott, 1925) . In addition, probit analysis used x 2 goodto be optimal. Incubation was followed by washing twice with 1% BSA ness of fit, estimated the slope and intercept, and was based on the assumpin PBS. Sections were then incubated in a 1:200 dilution of goat antition that mortality was independent for fish within and among dose groups mouse IgG for 20 min, washed, and then incubated in a 1:600 dilution of (Finney, 1971) . The LD50 of TCDD for sac fry (50% mortality above peroxidase-labeled nonspecific mouse IgG for 20 min. Sections were then vehicle control group) and 95% fiducial limits (FL) were calculated based rinsed and incubated in 3-amino-9-ethyl carbazole in acetate buffer to upon the dose of TCDD injected into the egg. Since TCDD did not affect develop color. Companion sections were incubated with a nonspecific lake trout mortality during the egg stage of development, procedure-related monoclonal IgG 2 as the primary antibody, as before (Smolowitz et al., egg mortality was disregarded and the dose-related effects of TCDD on 1991). Presorbing the antibody with purified CYP1A from fish has been mortality from hatching onset to swim-up was used to construct the mortalshown previously to abolish the staining (Miller et al., 1989) . Sections ity dose -response curve and estimte the LD50. The average control mortalwere counterstained with Mayer's hematoxylin. ity during this period was 11%. The strength of the probit analysis used in Slides were examined for peroxidase staining (red-brown deposit) using this study lies in the fact that a dose of TCDD that causes an increase in a Zeiss Axiophot light microscope. Images were photographed on 35-mm early life stage mortality above control by any percentage from 1 to 99% Kodak slide film and then scanned using a Polaroid SprintScan slide scan-can be determined with 95% FL. The procedure corrects all dose groups ner, collated in Adobe Photoshop 2.5.1, and printed on a Kodak XL7700 for control mortality. Therefore, if an increase in early life stage mortality dye sublimation printer. Images were not digitally enhanced beyond contrast of 50% above control was defined as the LD50, then the 95% FL of the adjustment.
LD50 can be readily estimated. The Trimmed Spearman -Karber (TSK) method was used to determine Analysis of immunohistochemical staining. The staining by MAb 1-ED50 values and confidence intervals for each set of CYP1A staining data 12-3 in each organ of individual fish was scored to evaluate the degree of (Hamilton et al., 1977) . This method does not depend on a specific model CYP1A expression. The same investigator scored all samples in a blind equation, but it does assume that the distribution is symmetrical. The obmanner, without knowledge of the TCDD dose associated with each develserved distributions were all monotonic as assumed in the TSK procedure, oping fish. Two measures of the degree of staining in each organ or tissue so that smoothing was not required. The form of the dose-response curve were recorded. The frequency of occurrence of staining in cells of a particuwas then investigated by fitting model equations. lar type within an organ (i.e., frequency) was recorded as 0 Å no cells Three models were fit by nonlinear regression using least squares fitting staining, 1 Å rare or few cells staining, 2 Å multifocal staining, or 3 Å with SAS JMP version 3.1.5 (SAS, 1995) . The candidate models tested diffuse or many cells staining. Second, the intensity of the stain in that included the Probit, Weibull/Gompertz, and Quadratic. The goodness of fit particular cell type was recorded as 1 Å very mild, 2 Å mild, 3 Å moderate, of each of the models was tested using an F statistic. In all cases examined 4 Å strong, and 5 Å very strong. A CYP1A ''staining intensity score'' or each of the three models fit the data well. For consistency and better comparsimply ''staining score,'' was calculated for each positively staining cell ison with the approach used for analyzing the mortality data, we elected to type within an organ by obtaining the product of staining frequency times use the probit model to generate dose-response curves for TCDD-induced staining intensity, giving a 15-point scale. Relationships between immuno-CYP1A staining intensity index in endothelium of lake trout early life stages histochemical and other measures of CYP1A content have been examined in cells in culture and in the liver of animals induced in vivo. In HAHat 1 week prehatch (E a The description of names and main sequences in the developmental early life stages of lake trout follow E. K. Balon (1980) . The C 1 cleavage stage includes formation of the perivitelline space, blastodisc, and bipolar differentiation (typically during the first 24 hr). This is followed by the C 2 2 Stage, first multiplication of cells, cleavage, and morula formation, followed by the C 3 3 stage of blastula, gastrula, and beginning of epiboly (approximately 8 days). The embryonic phase spans from formation of the neural plate (approximately 8 -9 days) until median hatching time (45-57 days).
b Temperature units (TU) are used in fishery biology to estimate the length of time required for trout embryos to develop. We have used it as an index of time determined by the thermal sum procedure to express the relationship between incubation time and temperature. Cumulative temperature units are equal to the number of cumulative degrees over 0ЊC in each successive 24-hr incubation. For example, if the average water temperature for the first day of incubation was 8.7ЊC and the average water temperature for the second day of incubation was 9.1ЊC, the cumulative temperature units at the end of the second day would be 17.8. Temperature units may vary greatly at different water temperatures and in any given species of trout; the incubation period or average hatching time of the eggs is not immutably fixed for a given temperature but may vary between lots taken from different parent fish.
RESULTS
stronger staining were vascular endothelial cells (Fig. 1b) . Prominent sites of endothelial staining were in the dorsal CYP1A Induction in Lake Superior Lake Trout Embryos venule and dorsal arteriole, sinusoidal endothelium of the and Sac Fry liver (Fig. 1b) , as well as yolk sac vessels. At the high doses there was staining also in the epithelial cells of the Initial experiments to establish the dose response for in-gut mucosa, hepatocytes, and biliary epithelial cells, but in duction of CYP1A by TCDD in lake trout embryos and sac some cell types (e.g., hepatocytes) this staining was rare fry were carried out with eggs spawned from Lake Superior compared to the endothelial responses (Fig. 1b) . One-week fish. Eggs injected with vehicle only showed no MAb 1-12-prehatch embryos given a mid-dose of TCDD (88 pg/g egg; 3 (CYP1A) staining at any developmental stage examined, results not shown) had mild to moderate staining primarily from pre-eye-up (E 3 6) to sac fry (F 1 9). Eggs treated with in the yolk sac vessel, dorsal arteriole, dorsal venule, and TCDD and examined prior to eye-up (E 3 6) and at the eyeliver sinusoidal endothelium. up stage (E 3 7) of development also were negative at all doses As with prehatch embryos, sac fry (F 1 9 stage) from eggs of TCDD. TCDD treatment of eggs induced moderate to injected with vehicle had no staining in any organs or cell strong specific staining of CYP1A in endothelial cells of the types. Sac fry from eggs injected with the lower doses of vasculature in embryos sampled at 1 week prehatch (E 5 8) TCDD (i.e., 22 pg TCDD/g egg) had faint staining, but only and in sac fry 2 weeks posthatch (F 1 9).
in the endothelium of yolk sac vessels. At a mid-dose of Figure 1 illustrates the CYP1A staining in various organs TCDD (66 pg /g egg), sac fry showed strong staining in in sections of embryos at the prehatch (E 5 8) stage of developendothelium of the dorsal arteriole, dorsal venule, and ment. Vehicle control embryos at 1 week prehatch showed branchial arch with moderate staining of the yolk sac vessels. no CYP1A staining in any structures (Fig. 1a) . In contrast, At the high dose (176 pg TCDD/g egg), sac fry showed 1-week prehatch embryos given a high dose of TCDD (176 intense CYP1A staining of endothelial cells in most organs. pg/g egg) exhibited moderate to strong and diffuse staining in multiple organs. The cell types consistently showing Staining was especially prominent in yolk sac vessels, dorsal arteriole, dorsal venule, branchial arch, and endothelium of sac vessel endothelium (Fig. 3a) , while at the high dose (i.e., 176 pg TCDD/g egg) the staining in the yolk sac vessels the heart. An example of the prominent CYP1A staining in the endothelium is illustrated by the results in the dorsal was pronounced (Fig. 3b) . arteriole and dorsal venule (Fig. 2) . There was staining in epithelial structures including hepatic parenchymal cells and Dose Response for Endothelial CYP1A Induction in gut epithelium at the higher doses (not shown). The distinction between a low and high dose of TCDD in the inducMean values for the frequency and the intensity of CYP1A staining induced in various cell types of prehatch embryos tion of CYP1A in sac fry is exemplified in Fig. 3 , which shows staining of yolk sac vessels. At the low dose (i.e., 22 (E 5 8) and of posthatch sac fry (F 1 9) exposed to representative doses of TCDD are shown in Tables 2 and 3 . The results pg TCDD/g egg) there was faint staining seen in the yolk reveal differences in strength of induction between weakly is justified based upon three key factors. First, individual tissue scores for intensity and frequency typically were maxiand strongly inducing doses of TCDD, between endothelial mum scores based on the rating scale employed (see Tables  cells versus epithelial cells, and between the two stages of  2 and 3 and Materials and Methods) . Second, the highest development. In both prehatch embryos and sac fry, CYP1A two doses of TCDD injected were essentially LD100 doses staining frequency and intensity increased with increasing established for lake trout sac fry delayed mortality based on dose of TCDD administered to the fertilized egg. In 1-week a variety of egg exposure routes (Walker et al., 1994) . Third, prehatch embryos the staining of CYP1A appeared first in the dose -response curves generated for CYP1A induction endothelium. Thus, in the prehatch embryos given 88 pg reached plateaus at the higher TCDD doses, consistent with TCDD/g egg there was CYP1A staining in the endothelial a maximal response. cells of larger vessels and in sinusoidal endothelium of the Figures 4a and 4b show the dose -response curves for liver, while at that same dose there was no staining detected induction of CYP1A in endothelium of 1-week prehatch in hepatocytes or in mucosal epithelium of the intestine (Taembryos (E 5 8) and of sac fry (F 1 9), respectively. The ED50 ble 2). Staining in those epithelial tissues appeared at the estimated for CYP1A induction in the prehatch embryos was higher TCDD doses, but the staining in the endothelia still 99 pg TCDD/g egg (95% FL, 92 -107 pg/g). The dosewas more prevalent and intense than that in the epithelial response curve generated for the endothelial CYP1A stainstructures ( Table 2) .
ing index in these sac fry gave an ED50 of 69 pg TCDD/g As with prehatch embryos, the CYP1A staining in the postegg (95% FL, 65-73 pg/g). hatch sac fry (F 1 9) appeared first in the endothelial cells (Table  The curves in Figs. 4a and 4b were based on composite 3). At stated above, CYP1A staining was seen in the endothestaining indices in endothelium of dorsal arteriole, dorsal venule, lium of yolk sac vessels at the lowest doses of TCDD. As and yolk sac vessels. Similar increases in CYP1A staining with doses increased there were increasing numbers of organs that increasing TCDD dose were seen in additional organs at both showed staining, and the vascular endothelium in those organs stages. The additional structures showing such staining in a magenerally was involved first. Endothelia in some structures jority of the individuals were different for prehatch embryos and appeared to be less sensitive, for example, in the meningial sac fry due to differences in orientation of embryos versus sac vessels (Table 3) . Some epithelial structures showed a refry in paraffin blocks and differences in the plane of sectioning. sponse at about the same dose as did those less sensitive Composite staining indices, including results for these additional endothelia. However, the staining in vascular endothelium in organs, were calculated and used to construct dose-response most organs consistently appeared earlier, was more prevalent, curves such as those in Fig. 4 . The ED50 values for CYP1A and was stronger than that in epithelial cells (Table 3) . induction in prehatch embryos were very consistent (99-104 pg At a given dose of TCDD, staining was more prevalent TCDD/g egg) whether or not these additional endothelial tissues and more intense in the sac fry (F 1 9) than in the prehatch were used in the analysis. Likewise, the ED50 values for endoembryos (E 5 8). Thus, at the intermediate dose of 66 pg thelial CYP1A induction in sac fry ranged between 64 and 69 TCDD/g egg there was marked CYP1A staining in several pg TCDD/g egg, whether or not the additional structures were organs of sac fry, while at this same dose the prehatch emused in the analysis. Thus, there was excellent internal consisbryos showed no staining in those same structures. At a high tency of the ED50s calculated within each developmental stage, dose of TCDD (176 pg TCDD/g egg) the staining intensity regardless of the number of positively staining endothelial tissues in the vascular endothelium of sac fry was greater than the used to construct the CYP1A induction dose-response curve. intensity observed in the endothelium of the same vessels in the prehatch fish (compare Tables 2 and 3) .
Dose Response for Toxicity of TCDD to Early Life Stages CYP1A staining indices were calculated for sets of endothelial tissues in dorsal arteriole, dorsal venule, and yolk sac Injection of lake trout eggs with TCDD resulted in dosevessels in each treatment group, for both the prehatch and related signs of toxicity and cumulative mortality during the sac fry stages of development. These structures were present period of development from hatching to swim-up. The signs in sections of most individuals of both stages and at all of toxicity consisted of hemorrhages; yolk sac, pericardial, TCDD doses, thus allowing a comparison of the CYP1A-and meningial edema; craniofacial malformations; regional staining dose response between the two stages. Representa-ischemia; and growth retardation. These conditions collective composite staining indices are shown in Tables 2 and tively resemble blue-sac disease and were evident prior to 3 for endothelium in these three structures. In both embryos death. Figure 4c shows the dose response for TCDD-induced and sac fry, the highest dose of TCDD injected into the eggs cumulative mortality over the entire posthatch stage of develresulted in the highest CYP1A composite staining index. We opment. The probit model for cumulative mortality from assigned these scores a value of 100% for the purpose of hatching to swim-up resulted in an LD50 of 47 pg TCDD/ constructing dose -response curves for CYP1A induction. g egg (95% FL, 21 -65 pg/g egg). Mortality in lake trout exposed to TCDD as eggs occurs primarily during the period Assignment of 100% to the maximal staining index scores d CYP1A staining scores and indices were calculated using endothelial cell staining scores from dorsal arteriole, dorsal venule, and yolk sac vessels (consistently present tissues at both prehatch and posthatch stages of development which showed the first or strongest response).
e Individual fish embryo CYP1A staining scores were calculated for endothelial cell staining in the dorsal arteriole, dorsal venule, and yolk sac vessels, respectively, by obtaining the product of staining intensity times staining frequency for each embryo (i.e., 2 1 2 Å 4). Mean frequency and intensity values were not used to calculate individual staining scores.
f A cumulative staining index was calculated by summing all the individual staining scores in a treatment group (i.e., dorsal arteriole, dorsal venule, and yolk sac vessels endothelium) and dividing by the number of embryos (N) in which these structures were available for staining in the plane of sectioning scored.
g '0'' indicates that the structure was present but did not express any immunohistochemical staining for CYP1A. h '' -'' indicates that the structure was not available for immunohistochemical staining in the plane of sectioning.
from hatching (E 5 8) to yolk absorption (F 2 10). In the present confirmed by a TCDD dose-response study of eggs spawned experiment sac fry were sampled for CYP1A analysis at 2 from lake trout from another location, eastern Lake Ontario. weeks posthatch (F 1 9). During the F 1 9 stage of development, Similar to results seen with eggs spawned from Lake Superior TCDD-exposed lake trout sac fry were exhibiting signs of lake trout, there was no CYP1A staining in TCDD-treated blue-sac disease and mortality was beginning to occur. Only embryos at the eye up stage of development, nor in any emsurviving sac fry at all TCDD dose levels were used for bryos or sac fry exposed to vehicle (control). However, in 1-immunohistochemical staining analysis at this time.
week prehatch embryos (E 5 8) and in 2-week posthatch sac fry (F 1 9), there was TCDD dose-dependent staining of CYP1A in CYP1A Induction in Lake Ontario Lake Trout Embryos endothelium of many organs. As in Lake Superior fish, staining and Sac Fry was stronger in posthatch than in prehatch fish, and sac fry The TCDD dose-dependent induction of CYP1A in prehatch from Lake Ontario eggs given the highest doses of TCDD showed the strongest CYP1A staining. The endothelia in these embryos and sac fry of lake trout from Lake Superior was FIG. 3 . Lake trout sac fry (2 weeks posthatch) from Lake Superior. Eggs were injected with liposomes plus vehicle or plus TCDD. Paraffin sections were stained with MAb 1-12-3 to scup CYP1A1 and counterstained with Mayers hematoxylin. Sections are through the yolk sac. Sections magnified show yolk sac vessels. Y, yolk; yv, yolk sac vessels. Nucleated erythrocytes are seen in the vessels. (a) Eggs were injected with liposomes plus 22 pg TCDD/g egg. Specific positive stain was very mild in most of these vessels and rarely strong (magnification 2001). (b) Eggs were injected with liposomes plus the highest dose of TCDD, 176 pg/g egg. Specific positive stain was strong and highly prevalent at this dose. Similar staining results were obtained for all fish in these groups (magnification 4001).
FIG. 3-Continued
fish showed a more prevalent and stronger staining than did There was no detectable response in this structure at the lowest dose of 11 pg TCDD/g egg (Fig. 5a ), but staining was detected epithelial tissues. Dose-dependent staining of CYP1A in endoin fish given the second lowest dose of TCDD (22 pg/g egg). thelium of sac fry from eastern Lake Ontario lake trout, illusAt the high dose of TCDD CYP1A staining in the endothelium trated in Fig. 5 , shows the branchial (gill) region of sac fry from eggs treated with the lowest or highest dose of TCDD. was intense (Fig. 5b) . a Results shown are for selected tissues of three lake trout embryos exposed as fertilized eggs to vehicle (control) or to graded doses of TCDD and examined for CYP1A staining 2 weeks after hatching during the F 1 9 stage of development (approximately 513 TU). b Frequency refers to the abundance of CYP1A-staining cells of a particular type within an organ. The frequency was scored as 0 Å no cells staining, 1 Å rate or few cells staining, 2 Å multifocal with numerous cells staining, and 3 Å diffuse or many cells staining. Values are means of three embryos.
c Intensity of CYP1A staining within a given cell type in an organ was scored as 0 Å no staining, 1 Å very mild, 2 Å mild, 3 Å moderate, 4 Å strong, and 5 Å very strong. Values are means of three embryos.
d CYP1A staining scores and indices were calculated using endothelial cell staining scores from dorsal arteriole, dorsal venule, and yolk sac vessels (consistently present tissues at both prehatch and posthatch stages of development which showed the first or strongest response).
g ''0'' indicates the structure was present but did not express any immunohistochemical staining for CYP1A. h '' -'' indicates the structure was not available for immunohistochemical staining in the plane of sectioning.
DISCUSSION
in vascular endothelium. The induction of CYP1A in endothelium occurred in multiple organs and showed a TCDD dose dependence that correlated with that for lake trout early Using an immunohistochemical approach we demonstrated a strong induction of CYP1A expression in lake trout life stage mortality. Previous studies have shown that PCBs can induce AHH, a teleost CYP1A activity, in embryos of embryos and sac fry exposed as newly fertilized eggs to TCDD. CYP1A induction appeared first and was strongest salmonids and other fish (Binder and Stegeman, 1983;  lake trout. This supports suggestions that CYP1A induction in endothelium may be a sensitive biomarker for exposure to AhR agonists.
The organ and cellular distribution patterns of CYP1A induction in lake trout embryos are similar to those observed in adult fish of several species examined immunohistochemically for CYP1A induction by PAHs and HAHs. In those studies, endothelium was a prominent site of induction, regardless of the inducer or route of exposure Miller et al., 1989; Smolowitz et al., 1991 Smolowitz et al., , 1992 . CYP1A induction in vascular endothelial cells has been seen also in mammals treated with TCDD or 3-methylcholanthrene (Dees et al., 1982; Overby et al., 1992; Anderson et al., 1987) . Thus, a similar regulatory mechanism for CYP1A gene expression within the vascular endothelium may be operating generally among vertebrates, during early development and in adults.
The developmental stage and dose -response relationships for CYP1A induction by TCDD in lake trout embryos and sac fry, based on the immunostaining intensity index, are similar to these relationships for TCDD toxicity in lake trout. Figure 4 summarizes these results. At the prehatch stage of development (E 5 8), the ED50 for CYP1A induction was 99 pg TCDD/g egg. This compares with an LD50 for early life stage mortality of 47 pg TCDD/g egg in this study and an LD50 of 80 (95% FL, 68 -91) pg TCDD/g egg for lake trout eggs obtained from Isle Royale and injected with TCDD using the same protocol (Walker et al., 1994) . The ED50  FIG. 4 . Dose -response curves for endothelial CYP1A induction and values for TCDD induction of CYP1A in sac fry (F 1 9) ranged for mortality of lake trout embryos exposed as fertilized eggs to graded from 64 to 69 pg/g egg. These values were also in the same doses of TCDD. The dose -response curves were based on the summation range as the LD50 for TCDD-induced sac fry mortality of of immunohistochemical staining indices in the three vascular structures, dorsal arteriole, dorsal venule, and yolk sac vessels, present in sections at 47 pg/g egg. The similarity between the ED50 and LD50 of all doses of TCDD in both prehatch and posthatch lake trout. Examples of TCDD in this study is supported by the LD50 for lake trout individual and summed staining indices at selected doses of TCDD are sac fry determined in other studies (Walker and Peterson, given in Table 2 . ( linkage of endothelial CYP1A induction to pathologies that involve the vascular endothelium. Binder et al., 1985) in a dose-dependent fashion. Rainbow Ontogenetic Differences trout embryos injected as eggs with a single high dose of the CYP1A inducer b-naphthoflavone showed induction of The results here suggest an ontogenetic difference in the sensitivity to CYP1A induction in endothelium of lake trout. CYP1A in many cell types (Lauren et al., 1990) , including endothelial cells, but a dose response was not established in At early developmental stages (E 3 6 prior to eye-up and E 4 7 at eye-up) there was no evidence of CYP1A induction in that study. To our knowledge, this is the first demonstration of a TCDD dose response for the induction of CYP1A in embryos from Lake Superior fish. Induction was detected at the two later stages of development examined, but there endothelium of early developmental stages in a vertebrate. The potency of TCDD in causing this effect and the strength appeared to be a slight difference in sensitivity to induction.
The ED50 for induction based on the CYP1A staining index of signal obtained in various cell types indicate that the vascular endothelium is uniquely sensitive to and is a major was 99 pg TCDD /g egg in prehatch (E 5 8) embryos versus 69 pg TCDD/g egg in sac fry at stage F 1 9, 2 weeks posthatch. initial site affected by TCDD in developmental stages of FIG. 5. Lake trout sac fry (2 weeks posthatch) from eastern Lake Ontario. Eggs were injected, incubated, and sampled as before. Paraffin sections were stained with MAb 1-12-3 to scup CYP1A1 and counterstained with Mayers hematoxylin. Section through the branchial region (gill) is shown. Structures labeled are C, cartilage of the branchial arch; L, developing lamellae of the gill; and bv, branchial arch vessel. (a) Eggs were injected with liposomes plus the lowest dose of TCDD, 11 pg/g egg. Specific positive stain was not readily detectable in the endothelium of the branchial arch vessel. (b) Eggs were injected with liposomes plus the highest dose of TCDD, 176 pg/g egg. Specific positive stain is evident in the endothelium of the branchial arches and was strong and highly prevalent in these structures (magnification 2001).
FIG. 5-Continued
The difference in ED50 is not large. Yet, at intermediate has been seen in other fish. Binder et al. (1985) reported an approximately threefold increase in sensitivity to induction doses, e.g., 66 pg TCDD/g egg, there was extensive staining in sac fry but no staining in prehatch embryos, supporting of AHH (a CYP1A activity) by mixed PCBs in killifish (F. heteroclitus) from before to after hatching. Induction in a conclusion that there is a difference before and after hatching in the sensitivity of CYP1A induction. Such a difference embryos before hatching occurred to the same extent as that after hatching, but with a significant shift of the dose -canine coronary arteries was directly correlated with AHH response curve to the left in the fish after hatching. In the activity (Pinto et al., 1987) , suggesting involvement of present study the duration of exposure to TCDD was shorter CYP1A. TCDD was also shown to induce arachidonic acid for the prehatch (E 5 8) embryos versus the posthatch (F 1 9) metabolism in chick embryos (Rifkind et al., 1990 ; Kanetsac fry. Therefore, the lower ED50 value obtained at the oshi et al., 1992). It was suggested that TCDD caused an posthatch stage might also be partially attributable to its increased release of arachidonic acid from membranes and longer exposure to TCDD. In the study with killifish (Binder that biologically active metabolites of arachidonic acid could et al., 1985) , the duration of exposure was controlled and a mediate TCDD effects on vascular tissue. clear difference in sensitivity to induction before and after CYP1A induced in endothelial cells is catalytically achatching was still observed. The results here and in killifish tive , but exposure of rainbow trout suggest that some type of mechanism alters responsiveness embryos to the rapidly metabolized CYP1A inducer and of CYP1A inducibility in fish before as compared to after substrate benzo[a]pyrene did not produce the signs of blue hatching. The mechanism might involve differences in the sac syndrome as are caused by TCDD (Hannah et al., 1982) , nature, function, or number of AhR or ARNT proteins or suggesting that CYP1A interaction with a rapidly metabopossibly other factors related to CYP1A gene expression lized substrate may not be sufficient to cause the vascular (Whitlock, et al., 1996) . Studies are being designed to test effects. Unfortunately, these investigators did not measure these possibilities.
CYP1A induction by benzo [a] pyrene in the exposed rainbow trout embryos. TCDD is not rapidly metabolized nor Involvement of Endothelial CYP1A Induction or AhR in activated by CYP1A, but interaction of TCDD with CYP1A Toxicity might result in free radical formation and oxidative damage. TCDD has been reported to enhance membrane lipid peroxThe cardiovascular system appears to be the initial and idation in rats (Stohs et al., 1986) . Slowly metabolized most sensitive system affected in both the TCDD-induced substrates can uncouple CYP catalytic cycles and stimulate toxicity syndrome and in blue sac disease of developing lake release of reactive oxygen species from several P450s (Kartrout . Cardiac uzina and Archakov, 1994). Recently we have determined and vascular effects of TCDD have been reported in rats that addition of TCDD to fish liver microsomes that have (Theobald et al., 1983) , guinea pigs, hamsters (Canga, et al. , elevated levels of CYP1A1 results in generation of active 1988; Olson et al., 1990; Olson and McGarrigle, 1992) , and oxygen (Schlezinger and Stegeman, unpublished) . A correchickens (McConnell, 1980) . The correlation of endothelial lation between hepatic CYP1A activity (measured as ethox-CYP1A induction with early life stage toxicity in this study yresorufin O-deethylase activity) and oxidative stress (eleleads us to speculate that CYP1A and/or the AhR may be vated concentrations of membrane breakdown productsinvolved in the edema and vascular dysfunction of TCDD thiobarbituric reactive substances-and depleted tocophin lake trout, and possibly in other vertebrates. The edema erol and retinol in the liver) in juvenile lake trout exposed seen in TCDD-exposed lake trout sac fry appears to be an to TCDD-like PCB congener 126 has been reported (Palace ultrafiltrate of blood (Guiney et al., 1990) . In porcine endoet al., 1996) . Moreover, Cantrell et al. (1996) found that thelial cells, PCB congeners that bind to the AhR and induce embryo toxicity of TCDD in medaka is associated with CYP1A also disrupt endothelial cell oxidative DNA damage and apoptosis in the vascular sysbarrier function in a dose-dependent manner, allowing an tem and that this could be prevented by treatment with an increase in albumin transfer across endothelial monolayers inhibitor of P450. (Toborek et al., 1995) . This suggests a model in which a Polychlorinated dibenzo-p-dioxin (PCDDs), polychloricascade of effects initiated by AhR binding/CYP1A inducnated dibenzofuran (PCDFs), and coplanar polychlorinated tion increases vascular permeability via effects on endothebiphenyl (PCBs) congeners cause blue sac syndrome in sallial cells. What is not known is whether the CYP1A or monids with a structure -activity relationship similar to their the AhR in the vascular endothelium is causally related to TEFs for inducing CYP1A in cells in culture (Zabel et al., TCDD's cardiovascular effects associated with edema for-1995; 1996) , consistent with CYP1A/AhR involvement in mation. There are several possible avenues by which such this condition caused by AhR agonists. Although CYP1A linkage could occur.
could have direct involvement in TCDD endothelial cell Endothelial cells metabolize endogenous substances that injury, it is also possible that CYP1A induction in the endoaffect vascular function (Ryan and Grantham, 1989) , and thelium could merely be coincident with toxic effects ininteractions of CYP1A with such substrates could alter the volved in blue sac syndrome that are caused by other AhRbarrier function of the endothelium. Thus, vasoactive metabdependent or AhR-independent processes. Many of TCDD's olites of arachidonic acid occur via P450 and could occur effects are thought to result from its persistent binding to in the endothelium of several species (McGiff, 1991) . The capacity of arachidonic acid to elicit vascular relaxation of the AhR, independent of its role in CYP1A induction (Poland and Knutson, 1982) . P450s other than CYP1As might be
